Nonlinear ac susceptibility studies of high-T c rings: Influence of the structuring 
method and determination of the flux creep exponent 
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We have studied the influence of the patterning proce- 
dure on the critical current density of high-T c YBa2Cu307_i 
thin rings using the nonlinear ac susceptibility method. At 
no applied dc magnetic field we have found that laser ab- 
lation degrades strongly the critical current density whereas 
ion beam etching has only a weak influence on it. From the 
measurements at different frequencies and dc magnetic fields 
we analyzed the influence of flux creep and obtained the field 
dependence of the flux creep exponent. Our data reconfirm 
the recently observed scaling relation for the nonlinear sus- 
ceptibility response of type-II superconductors. 

74.72.Bk, 74.76.Bz, 74.60.Jg 



I. INTRODUCTION 

In a recently published letter we have shown that the 
measurement of the magnetic moment of samples with 
ring geometry enables the identification of regions with 
degraded superconducting regions and can be used as a 
sensitive method to investigate the critical current den- 
sity J c of high temperature superconducting thin films 
jij. The ac field amplitude dependence of the ac sus- 
ceptibility of structured narrow rings provides the ex- 
perimental foundation for this method. Within the Bean 
model and via the determination of the so-called penetra- 
tion field Hp (at which the perfect diamagnetic shielding 
is lost) and geometry parameters we obtain J c . In this 
work we have exploited this technique at zero dc magnetic 
field Hdc to investigate the influence of the structuring 
method used to fabricate the high-temperature supercon- 
ducting rings on J c . Our results indicate clearly that ion 
beam etching is a far less destructive structuring tech- 
nique than laser ablation. 

We have also obtained the dc field dependence of J c 
and analysed the effects of flux creep with an extended 
Bean model which enables the interpretation of the fre- 
quency dependence of the ac susceptibility associated 
with a finite resistivity due to flux motion B. We have 
analyzed the shift of the ac susceptibility with frequency 
and applied a scaling relation which has been predicted 
by Brandt ||. Within this theory we have determined 
the flux creep exponent n(T, Hd c ) and compared it with 
the one determined by relaxation measurements with a 



SQUID. 

The paper is organized as follows. In the next section 
we give a brief summary of the measured samples and 
experimental details. In section III we provide a theoret- 
ical resume of the ac response of narrow superconducting 
rings as well as the determination of the flux creep expo- 
nent from ac susceptibility. The results are described in 
section IV. A brief summary is given in section V. 



II. EXPERIMENTAL DETAILS AND 
INVESTIGATED SAMPLES 

The ac susceptibility measurements were performed 
with a Lake Shore 7000 AC Susceptometer designed for 
operation at low-level ac magnetic field amplitudes Hq < 
2 mT. We applied dc magnetic fields up to 3 T by a 
superconducting solenoid. 

We have studied rings made from YBa2Cu30y_5 high- 
temperature superconducting 200 nm thin films prepared 
by pulsed laser deposition on 1 mm thick AI2O3 sub- 
strates with a critical temperature between T c = 89 K 
and 90 K [HjH]. A 30 nm Ce02 buffer layer was used. 
All the films were characterized by ac susceptibility mea- 
surements before structuring. Results on the films can 
be found in Q . The films were structured by two meth- 
ods: (a) by laser ablation (LA) with an excimer work- 
station having an optical resolution of 1.5/im and (b) by 
ion beam etching (IE). For the ion beam etching proce- 
dure a spun-on 1.5 fim thick resist layer (AZ1450) was 
structured by excimer laser ablation using a scanning 
method. The resist was etched by laser apart from a thin, 
~ 200 nm thick remaining film to prevent any damage of 
the superconducting layer. We used ion beam sputtering 
with argon to transfer the mask structure into the film. 
The ion etching was performed in a non-commercial IBE 
system with a base pressure better than 2 x 10 -6 mbar 
equipped with a Kaufman type ion beam source operat- 
ing at a beam energy of 700 eV and current density of 
0.2 mA/cm 2 . The beam was neutralized by means of a 
hot filament to prevent charge accumulation on the sam- 
ple surface. The samples were mounted on a water-cooled 
and rotating sample holder to avoid an excessive increase 
of temperature during etching. Table [| shows the main 
characteristics of the measured samples. 
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III. THEORY 

A. AC Susceptibility of Narrow Superconducting 
Rings 

In this section we briefly review the ac response 
of narrow superconducting rings as described in jjJU. 
We discuss the limit of a thin narrow ring of 
width w much smaller than the mean radius R, 
R - w/2 <r<R + w/2. Within the Bean model the 
virgin magnetization curve completely determines the 
hysteresis loop which has the shape of a parallelogram 
j^D . From these loops one obtains the complex suscepti- 
bility x — x' ~ °f a superconducting narrow ring with 
constant J c . For cycled magnetic field H a (t) = Hq sin cot 
we define the nonlinear susceptibility, the quantity we 
measure, as 



X(H ) 



VttH 



2tt 



m(t)e- tuJt dt. 



(1) 



where m is the magnetic moment and V the sample vol- 
ume. The virgin magnetization curve of such a ring is 
composed of two straight lines, m(H a ) = (H a / H p )m sa t 
for H a < Hp and m(H a ) — m sa t for H a > H p , since the 
screening supercurrent in the ring is limited to a maxi- 
mum value I c — J c dw (d is the ring thickness). As long 
as \I\ < I c holds for the current induced in the ring by the 
applied field H a , no magnetic flux can penetrate through 
the ring into the hole of the ring. When |/| = I c is 
reached the ring becomes transparent to magnetic flux. 
Therefore, when the applied field is increased further, 
flux lines will move through the ring as described in 
P,^0|. These authors treat the superconducting strip 
with transport current in an applied field. With the mov- 
ing flux lines in the ring, magnetic flux enters the ring 
hole until the screening supercurrent decreases again to 
the value I c . The magnetic moment m — irR 2 I of the 
ring thus saturates at the value m sa t = ttR 2 I c . The ap- 
plied field value H p at which this saturation is reached 
follows from the inductivity L of the flat narrow ring [ p"l| , 
L = Li R(ln8R/w — a) with a ~ 0.5 

The magnetic flux generated in the hole by a ring 
current / is <P = LI. As long as / < I c one 
has ideal screening, thus <P = —nR 2 fi H a . Equat- 
ing these two fluxes one obtains for the flat ring 
I = $/L = — KRHa/[hx8R/w - a]. At H a = H p one 
reaches |/| = I c = J c wd, thus H p = [ln8R/w — o\I c /ttR. 
Therefore, one can express J c as 



Jc 



nR 



wd 



ln^ 



H n 



(2) 



The formulae given above are accurate to corrections of 
order w/2R since the precise values of m and L depend 
on the current distribution across the ring width w which 
changes during the magnetization process. 



With Eq. ([j]) and the expressions for m(t) which are 
given in |3| we obtain the susceptibility of the ring nor- 
malized to the initial value x(0) = — lj i-e., to % — > 
X V/m'(0), 



X'W 
X\h) 



1, x "(h) = 0, h < 1, 

1 r— 
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x"0O = -t. h>l, 



(3) 



with h = Hq/Hp and s = 2/h — 1. These theoretical 
results have been confirmed experimentally in a previous 
paper [0. We use expression (||) to determine J c from 
the measured penetration field H p . 

B. Flux Creep Exponent from ac Susceptibility 

For high enough dc magnetic fields, the influence of 
flux creep should be taken into account in the ac response 
of the superconducting ring. In our analysis we use a 
current voltage law E = E{ J) that is connected to a 
logarithmic dependence JlJ,|lJl of the pinning potential 
on the current density U(J) = U \n(J c /J) and describes 
flux creep as an activated motion of vortices which have 
to overcome this potential. Following [Jul we have 



U(J) 

E(J) = E c ex-p~ — 



(4) 



where n(T, H) = Uq(T, H)/kT is the so-called flux creep 
exponent. The power law in Eq. (^) includes the limiting 
cases of Bean-like field distribution for which n = oo and 
of Ohmic dissipation for which n = 1. 

By investigating the frequency (/) dependence of nar- 
row rings under the application of a harmonic ac field 
H a (t) — H siu(u)t) during flux creep, e.g. 1 < n < oo, 
Brandt [|| derived a scaling law for the frequency 
and magnetic field amplitude which states the follow- 
ing: The complex ac susceptibility at fixed temperature 
x(T, /, H) = x' — ix" remains unchanged under the si- 
multaneous transformation of time by a constant factor 
C, e.g. t — » t/C, and magnetic field by a factor C 3 , e.g. 
H -> HCP, with p = l/(n - 1). This is equivalent to 
state that the following equation holds: 



X (T,f,H)=x(T,fC,HCP) . 



(5) 



Using this property we determined the flux creep expo- 
nent n(T, H) at different T and applied dc fields Hd c by 
measuring the ac susceptibility at different frequencies 
/o> /l) f% ■ ■ ■ fi and by equating the ac fields at which the 
same susceptibility is measured, i.e. 



H t = H C fj = Hoifi/fo)-- 



(6) 



where C is determined by the frequency ratio C = fi/ fg. 
Equation (JgJ) is a power law for the magnetic field ampli- 
tude. Plotting lnff vs. In / should then give a straight 
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line of slope (3 — l/(n— 1). 
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FIG. 1. Critical current density at zero applied dc field of 
sample LA2 as a function of reduced temperature. Note the 
strong decrease in J c after structuring by laser ablation. 

Jonsson-Akerman et al. recently confirmed the scal- 
ing relation for the nonlinear ac susceptibility response 
of HgBa2CaCu206+(5 thin films In a previous work 
fbSf the flux creep exponent n was determined from the 
frequency dependence of x' m the limit of large ac ampli- 
tudes. In what follows we present a further confirmation 
of the scaling relation (^) by applying it on structured 
thin rings. Furthermore, we use a straightforward anal- 
ysis procedure to obtain the field dependence of the pin- 
ning potential Uq for fields up to 2T. 
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FIG. 2. Critical current density at zero applied dc field of 
sample IE1 as a function of reduced temperature. The pat- 
terning of the film by ion beam etching produces a relatively 
small decrease of J c . 

Figure [l] shows the temperature dependence of the crit- 
ical current density J c for sample LA2 before and after 
structuring by laser ablation. For this sample and be- 
fore structuring J c is 500 times larger than its value after 
structuring. For comparison the J c values for the sam- 
ple IE1 before and after structuring by ion beam etching 
are given in Fig. p[ For the ring of this sample J c is re- 
duced only 30 % compared to the unstructured sample. 
For all measured samples we have found that J c of the 
measured LA-Rings is at least 100 times smaller than J c 
before structuring. On the other hand the results for the 
IE-rings vary only a few percent. 



IV. RESULTS 



A. Influence of the structuring method on J c 

In 0] a drastic decrease of J c after structuring the films 
into rings was found. This behavior has been explained 
by the existence of microcracks in the path of the ring. 
In this paper we show that the structuring technology 
used to fabricate the superconducting ring has a large 
influence on its J c . 
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FIG. 3. In-phase component of the magnetic moment of 
sample LA2 as a function of applied ac field at different tem- 
peratures. The continuos lines were calculated using Eq. (^) 
assuming an overlap of the response of a ring with the corre- 
sponding strip signal [[n] with a ratio Jf rip » 3000Jc ing . 

On the origin of the remarkable difference in J c of the 
rings structured by laser ablation we speculate as follows. 
During treatment by the laser the tiny region within the 
laser spot is heated up to several thousands Kelvin for 
a few milliseconds. Because of the bad thermal conduc- 
tivity of the substrate the temperature of the film rises 
to several hundred degrees in a small region around the 
spot as well. 
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FIG. 4. In-phase component of the magnetic moment of 
sample IE 1 as a function of applied ac field at different tem- 
peratures. The continuos line was calculated using Eq. (||). 

It is known that heating can change the oxygen con- 
centration of YBa2Cu307_a. As a result the supercon- 
ducting properties at the edges of the structured path 
may be altered up to the complete loss of superconduc- 
tivity. Also, thermally induced shock waves may produce 
microcracks within the width of the ring and degrade the 
maximum critical current density. Our measurements of 
the thickness profile of the ring after structuring indicate 
a region of < 5/im at the edges of the ring where the film 
appears to be completely damaged. In contrast we found 
sharp edges on films structured by ion beam etching. 
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FIG. 5. Comparison of the critical current density as a 
function of reduced temperature for consecutive patterning 
sample LAI by laser ablation (Ring-LA) and ion beam etch- 
ing (Ring-IE). 
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FIG. 6. Comparison of the critical current density as a 
function of reduced temperature of the ring prepared by ion 
beam etching in which we subsequently cut a notch (sample 
N). 



To compare both structuring methods we can use a 
better way to present the data by plotting the in phase 
component of the magnetic moment ml — x'H a V as 
a function of the ac magnetic held amplitude. This is 
shown for the ring s LA2, Fig. | and IE1, Fig. |. The LA- 
ring in Fig. ^ shows a clear two-step-transition, one in the 
low-held-range and the other in the high-field range. We 
recognize a crossover from the ring with a lower J c to the 
bulk signal for a long strip jL7|, see Fig. |[ On the other 
hand the IE-ring in Fig. ^| shows only a slight deviation 
from the expected ideal ring behavior (continuous line in 
Fig. ^) very probaly due to small inhomogeneities within 
the ring. 

To check whether the laser ablation structuring pro- 
cess leads to a "homogeneous" or "inhomogeneous" J c 
over the width of the ring we structured sample LAI 
once more by ion beam etching from a width of 0.2 mm 
to 0.05 mm. Whereas in the "homogeneous" case we do 
not expect a change in the measured J c in the "inhomo- 
geneous" case a different value for J c should be measured 
due to the existence of islands with higher or lower critical 
current density. In Fig. || the results for the two consec- 
utive structuring procedures are shown. We assign the 
observed decrease in J c after the second structuring to 
tiny islands of lower J c which are along the path of the 
ring with smaller width and were created after the first 
laser ablation structuring, indicating strongly inhomoge- 
neous film properties. 



In a similar experiment we reduced the width of the 
IE-ring (notch) by cutting a notch into it by ion beam 
etching, leaving only a small (16 /Ltm) path where the 
current can flow. By this means we basically measure J c 
in the path region. Figure ^ presents the critical current 
density corresponding to bulk, ring and ring-notch signal. 
Within experimental uncertainty J c remains unchanged. 
This result supports the assumption of a homogeneous 
J c in the film. Ion beam etching is therefore a far less 
destructive structuring technique than laser ablation. 

B. Field Dependence of the Pinning Potential 
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FIG. 7. Ac field amplitude dependence of the normalized ac 
susceptibility \ = x' — *x" f° r dc fields up to 3T at constant 
temperature T = 79.8K, Ring IE2. 



For the measurements presented in this section we 
have chosen rings with highest critical current density 
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and with different radius to width ratios, e.g. rings IE1 
and IE2. Together with a dc bias field the small ac per- 
turbation [1qH < 2mT was applied. In Fig. |t] one recog- 
nizes that the dc bias field mainly shifts Xmax" to lower 
ac amplitudes and leaves the dependence of x ° n the ac 
field amplitude essentially unaltered. This behavior is 
due to a decrease in the critical current density that de- 
termines the field H p oc J c at which the magnetic flux 
enters into the center of the ring. 

During the increase of the applied dc field a current is 
induced in the ring. As described in section [II A perfect 
shielding occurs as long as the current density is below 
the critical one. At currents larger than J c flux can move 
into the center until the critical value is reached again. 
At large dc fields the magnetic moment of the ring thus 
saturates at a value that is determined by the shielding 
capability of the ring which is given by the critical cur- 
rent related to the specific dc field. By applying then a 
harmonic ac signal to the ring, its magnetic moment has 
a hysteresis loop around the static dc bias field similar 
as for Hd c = 0. 
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FIG. 8. Dc field dependence of the critical current density 
at two different temperatures in a log-log plot, derived from 
the shift of the penetration field H p for the rings IE1 and IE2. 
The inset shows the same data plotted in a semi-log plot. 

Since the application of the dc field leads to flux pen- 
etration it will influence the pinning of vortices in the 
ring material as well. By this means the flux creep ex- 
ponent n = Uo/kT is altered. In Fig. [?] an increase in 
flux creep can be found for large dc fields. As predicted 
by Brandt || a slight smoothing of x" or x' around the 
penetration field H p is observed for increasing dc field, 
i.e. decreasing n. From the shift of H p with dc field 
one can determine the field dependence of J c shown in 
Fig. ||. The field dependence of J c we obtain is similar 
to that measured by vibrating reed experiments in Y123 
thin films |l8fl . The observed field dependence of J c can 
be understood within the collective pinning theory for 



three dimensional pinning mechanism |19| . Three dimen- 
sional pinning is assumed since the correlation length of 
the vortex lines along the field direction is smaller than 
the thickness of the films Jl8| . The magnetic field inde- 
pendence of J c observed at low fields indicate that the 
vortices are pinned independently, i.e. the single vortex 
pinning regime. At higher fields the interaction between 
flux lines leads to the formation of flux bundles which are 
pinned collectively and therefore J c decreases with field. 
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FIG. 9. (a) Ac field amplitude dependence of the normal- 
ized ac susceptibility for frequencies 5; 57.14; 166.67; 1000 Hz 
for the ring IE2, at T=79.8K and ^ H dc = 0.25T. The value 
x' at which the frequency shift is analyzed is indicated by the 
horizontal arrow in the plot. The corresponding ac field am- 
plitudes are im>H = 300; 338.9; 358.1; 395.8 //T. (b) Re-scaled 
plots using Eq. (0) with n = 20.2 derived as outlined in section 



[II B 



In what follows we concentrate on the field dependence 
of the pinning potential Uo. For a series of dc fields we 
measured the amplitude dependence of x' a t four differ- 
ent frequencies. Such a scan can be seen in Fig. ^(a) for 
the ring IE2. In a step by step procedure we determine 
the ac field amplitudes corresponding to the frequencies 
for a fixed value of x' where the slope is largest. This 
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is indicated by the arrow in Fig. ^|(a). Then we plot 
the logarithm of the obtained magnetic ac field ampli- 
tudes versus the logarithm of the respective frequencies, 
see Fig. [w], and by performing a linear fit we determine 
the corresponding slope j3 — l/(n — 1) for different dc 
fields. Within the available frequency range this plot 
gives straight lines for fixed dc field and temperature as 
theoretically || expected. This gives the flux creep ex- 
ponent n for fixed temperature and dc field, see Eq. (||). 
Figure ^(b) shows the rescaling of all four curves in (a) 
following Eqs. (Q) and (^) and using the obtained value 
for n. In routine measurements one only needs to mea- 
sure x around the maximum in x" to determine the shift 
of x' with frequency (only 15 to 20 points per scan). The 
necessary information on the ac field amplitude range to 
be measured at each dc field can be obtained by a pre- 
liminary scan. Within 20 hours we were thus able to 
measure the scans required to determine n(T, Hd c ) for 
10 dc fields at one fixed temperature. 
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FIG. 10. Frequency shift of the ac field amplitude in a 
log-log scale for the ring IE2 at T=79.8K. The frequencies 
are f = 5Hz, /» = 57.14; 166.67; 1000Hz. From the slope of 
the obtaine d line ar fit the flux creep exponent n is determined, 
see section IIIB for details. For 0.25T the corresponding ac 
amplitude scans are shown in Fig. (j!)]). 
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FIG. 11. Dc field dependence of (a) the flux creep expo- 
nent n and (b) the pinning potential Uq for the rings IE1 
and IE2 at T=74.9K and 79. 8K. Values are derived from the 



scaling relation outlined in section [II B Large n at zero dc 
field correspond to a Bean-like behavior for the ac response 
of structured thin rings, (b) Power law fits (continuous lines) 
U cc H~ c a give a w 0.2 and 0.4-0.7 for the low- and high-field 
regions respectively. For comparison the values Uo(Hdc) ob- 
tained from relaxation measurements, see Fig. are plotted 
with solid up-triangles. 

Scans for the two selected rings and temperatures 
T=74.9K and T=79.8K have been performed and ana- 
lyzed in this manner. The dependence of the flux creep 
exponent n(T, Hd c ) and the pinning potential Uq(T, H^c) 
on dc field are shown in Fig. [ll]. In Fig. |ll](a) one clearly 
sees the strong decrease of n with dc field. It can be also 
noted that n increases the lower the temperature of the 
ring. The large values of n « 20 — 40 at Hd c = for both 
rings are consistent with the little frequency dependence 
of the ac response at low dc fields. For this reason the 
Bean model is a good approximation in this limit. At 
the same T and Hd c we find njE2 > niEi- We assign 
this difference in n between the two rings to variations in 
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the film properties from which the rings were structured. 





-7.8 r 




-8.0 - 




-8.2 - 


H ' 


-8.4 - 


E, 






-8.6 - 




-8.8 - 



-9.0 





1 1 1 1 1 1 1 1 1 1 

^^9K,0.25T " 


■ + + +++ +^^ 


■**» H| 79.8 K, 0.15 T - 







3 4 5 6 7 8 9 10 11 12 13 
ln(t) 



1.30 



1.25 



1.15 



CO. 

L 1.10 



E 1.05 
1.00 
0.95 



.(b) 








































































































i 




















































79 


8 K, 


0.15" 


r 
























































































79.8 


K, 0.2 T 




fin ii i mil i illinium in in qmhi nmn 







































2x1 4 4x1 4 6x1 4 8x1 4 1x10 5 
t(s) 



FIG. 12. (a) Log-log plot of the relaxation of the magnetic 
moment m(t) for the ring IE2, after the external dc field has 
been decreased to the constant value noHdc as indicated in the 
figure. From the slope we obtain n = 26.9 (74.9 K, 0.25 T), 
28.9 (79.8 K, 0.15 T), 24.8 (79.8 K, 0.20 T), see Eq. (|). (b) 
Time independence of m(t) /t" 13 calculated with the respective 
exponents f3 = l/(n — 1) obtained from (a). The curves were 
normalized for convenience. 

The same qualitative statement holds for J c as well, see 
Fig. ||. In Fig. |ll|(b) one notes for both rings a similar 
dependence of Uo on Hdc- We distinguish a low- and 
a high-field region in which we obtain straight lines in 
a double logarithmic plot. Assuming a power law for 
the field dependence of Uo, e.g. Uo °c H^™, we obtain 
exponents a ks 0.2 and a ks 0.4 — 0.7 in the low- and 
high-field regions, respectively. At T = 100 K and in a 
dc field range between 20 and 100 Oe a similar dc field 



been recently observed for HgBa2CaCu206+a thin films 
(T c = 120 K) @. 

Figure [ll](b) also shows the values for Uq obtained from 
relaxation measurements. We used this technique to ver- 
ify our results by an independent method. In the pres- 
ence of flux creep the magnetic moment m(t) relaxes after 
ramping of the external field H c i c to some value. After 
a transient time r one observes the universal relaxation 



m(t) oc (t/r) 



-0 



(7) 



dependence for the flux creep exponent n oc H d ® ls has 



With a SQUID magnetometer we have performed three 
relaxation measurements with the ring IE2. The results 
are shown in Fig. |l2|(a). Following Eq. ([?]) we obtain the 
flux creep exponent n and hence the pinning potential 
Uo from a linear fit in the double logarithmic plot. With 
the respective values for n = (1 + m(t)/t~P vs. t 

should be time independent. This is nicely confirmed in 
Fig. |l^(b). A similar time dependence with n ~ 20 at 
Hdc = 1 T has been obtained for the irreversible magneti- 
zation of Bi2Sr2Ca2Cu30io samples below 20 K pl| . As 
shown in Fig. |ll](b), the relaxation measurements pro- 
vide values for the pinning potential Uo which are simi- 
lar to those obtained with the nonlinear ac susceptibility 
scaling procedure. 



V. CONCLUSIONS 

In this work we have used the nonlinear ac sus- 
ceptibility method on structured YBa2Cu 3 07_,5 high- 
temperature superconducting rings to study the influence 
of different patterning methods to the critical current 
density of the films. The nonlinear susceptibility method 
applied on superconducting rings of small enough widths 
is a suitable method to identify regions with degraded 
superconducting properties. We have found that laser 
ablation structuring degrades the superconducting prop- 
erties of the film, decreasing strongly its critical current 
density and introducing inhomogeneities within ~ 100/im 
from the patterned edges. In contrast, the ion beam etch- 
ing procedure is a far less destructive technique. Measur- 
ing the nonlinear susceptibility of the rings at different 
frequencies we reconfirmed the recently proposed scal- 
ing relation for the frequency and field amplitude depen- 
dence. The scaling relation allows us to obtain the field 
dependence of the flux creep exponent or pinning poten- 
tial at different temperatures. Our results show a power 
law dependence for the flux creep exponent n oc H^ 2 
for fields below ~ 0.2 T and at reduced temperatures 
0.8 < T/T c < 0.9. 
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TABLE I. Characteristics of the measured rings. The structuring methods were laser ablation (LA) and ion beam etching 
(IE). R denotes the radius of the ring, w its width, T c and J c (77 K) the critical temperature and critical current density at 
zero applied field. J c was calculated using Eq. (ph. 



sample 


structuring 


R 


w 


before structuring 


after structuring 




method 


(mm) 


(mm) 


Tc(K) 


Jc (77 K) 


Tc (K) 


Jc (77 K) 


LAI 


LA 


1 


0.2 


« 89 


4.5 x 10 6 A/cm 2 


« 89 


3.5 x 10 5 A/cm 2 
1.0 x 10 4 A/cm 2 




IE 


1 


0.05 






« 89 


LA2 


LA 


1 


0.1 


« 89 


3.3 x 10 6 A/cm 2 


« 89 


7.9 x 10 3 A/cm 2 


IE1 


IE 


0.9 


0.18 


89.7 


3.3 x 10 6 A/cm 2 


89.8 


1.0 x 10 6 A/cm 2 


IE2 


IE 


0.9 


0.1 


89.8 


3.0 x 10 6 A/cm 2 


89.9 


1.8 x 10 6 A/cm 2 


N 


IE 


0.95 


0.075 


« 90 


2.8 x 10 6 A/cm 2 


89.9 


1.1 x 10 6 A/cm 2 




notch 


0.95 


0.016 






89.9 


1.9 x 10 6 A/cm 2 
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